International standards as well as national regulations often require the incorporation of HEPA filters in the exhaust of BSL-3 (unless work with non-airborne organisms is performedSwiss Containment Ordinance [Federal Council, 2012] 
Introduction
Fumigation of HEPA filters has been performed successfully for decades using different fumigants such as formaldehyde, chlorine dioxide, or hydrogen peroxide (Czarneski & Lorcheim, 2011; Reichenbacher et al., 2013) . All these methods are by now well established, used around the world, and have shown their efficacy over a long period of time. The challenge with fumigating HEPA filter housings found in HVAC systems of high-and maximumcontainment laboratories lies in the difficulty of confirming successful fumigation. Once the laboratory is operational, these filter housings may not be opened before they have been properly decontaminated without risk of contaminating the area where the boxes are situated since unfiltered air may exit containment even when the fan is still running (e.g., turbulences). How then can one confirm whether a fumigation run was successful or not? Generally, HEPA filter housings are not equipped with sample ports where biological or chemical indicators can be placed during fumigation. Even if sample ports were installed on HEPA filter housings, where would they be located? One could easily assume that locating the ports after the filter should be safe. However, what if the filter is damaged? Also, even though one could argue that the air in a BSL-3/4 laboratory should not be contaminated when proper work practices (good laboratory techniques) are followed, there is no guarantee, and incidents and accidents do happen (e.g., spills) resulting in contamination of the air (Bennett & Parks, 2006) .
In this article the authors propose the use of the IndicatorSafe, a self-designed, homemade tool as a simple and cheap solution to the problem stated above. The IndicatorSafe is installed in the return line after the HEPA filter behind an air-tight damper. Installation is safe, as indicators and/or data loggers may be placed inside the IndicatorSafe prior to setting up fumigation and opening of the dampers. Thus, indicators can be used safely to confirm successful fumigation of HEPA filter housings without breaching containment.
Materials and Methods

HEPA Filter Housings
CamContain CS HEPA filter housings (Camfil AG, Switzerland) were validated for VHP fumigation. The filter housings come in different sizes (CamContain CS 200, 450 , and 1000) and were equipped with either one or two HEPA filters (H14, 99.995% efficiency according to EN 1822-1 [CEN, 2009] ) or one F9 filter (according to EN 779 [CEN, 2012] ) and one H14 HEPA filter. Here, results for two HEPA filters containing the CamContain CS 1000 unit are presented.
IndicatorSafe
The IndicatorSafe is constructed from polycarbonate (thickness 15 mm). The lid is equipped with an ethylene propylene diene monomer (EPDM, Allplast AG, Gwatt, Switzerland) rubber seal to prevent VHP from leaking out of the container. Camlock (Allplast AG, Gwatt, Switzerland) couplings are attached to either side of the box to connect the IndicatorSafe to the VHP fumigation loop (Figure 1) . 
Engineering Setup
The fumigation of the HEPA filter housing was set up as described in Kümin et al. (2015) . The difference was that this time the IndicatorSafe was placed between the housing and the return hose ( Figure 1 ).
Program Cycle
As an example, this article describes the process for a CamContain CS 1000 HEPA filter housing (Camfil AG, Switzerland) with two H14 HEPA filters. The following parameters were eventually programmed into the VHP generator for the validation of HEPA filter housing fumigation: Dehumidification to 10 mg/liter absolute humidity (60 minutes); Conditioning sterilant injection rate 5.0 g/minute of 35% H 2 O 2 (Vaprox, STERIS, Mentor, OH) (15 minutes); Decontamination injection rate 4.0 g/minute (120 minutes); and Aeration (60 minutes). The flow rate was set at 34 m 3 /hour for dehumidification and 30 m 3 /hour for conditioning, decontamination, and aeration. Additionally, the pre-heater temperature was set at 90ºC, while the evaporator temperature was 105ºC. Furthermore, the filter was released from its working position halfway through the decontamination phase to allow the VHP to flow around the filter and to guarantee complete decontamination of the filter frame and parts of the filter box not reached when the filter remains in its working position, as per recommendation of Camfil. Following aeration with the generator, supply and exhaust dampers were opened and the filter housing purged using the building's HVAC system. Generally, this may be done only if the laboratory is fumigated prior to decontamination of the HEPA filter housing. Here, this was not necessary, as the laboratories were not yet in operation.
Process Control and Monitoring
A PortaSense II Gas Leak Detector (Analytical Technology, Inc., Collegeville, PA) fitted with an H 2 O 2 electrochemical sensor (0-2,000 ppm) was placed inside the HEPA filter housing after the second HEPA filter to log VHP concentration. Temperature and relative humidity (RH) inside the filter housing and the IndicatorSafe were also monitored and logged (Ebro Electronic GmbH & Co. KG, Ingolstadt, Germany). Three loggers were placed inside the filter housing (before the first filter, between the two filters, and after the second filter), while the fourth logger was placed inside the IndicatorSafe. Additionally, surface temperatures of the hoses connecting the VHP distribution system with the filter housing were monitored using an infrared thermometer (TFA Dostmann GmbH & Co. KG. Wertheim, Germany) to gauge whether preheating of the supply lines was sufficient to prevent condensation. VHP chemical indicators (NB305 and PCC051, STERIS, Mentor, OH) were placed at different locations (N=28) inside the filter housing and IndicatorSafe to visualize the extent of VHP distribution.
Sterility Validation
To validate the extent and efficacy of the fumigation process, biological indicator (BI) pouches containing >10 6 spores of Geobacillus stearothermophilus dried on stainless steel metal discs sealed in Tyvek (Apex Laboratories, Inc., Farmingdale, NY) were placed, together with the chemical indicators, at different locations (Figure 2 ) within the HEPA filter housing and the IndicatorSafe (N=28). Two batches of BIs were used; their lot numbers and D-values (in 2 mg/liter gaseous H 2 O 2 ) were H0033 (1.3 minutes) and H1213 (2.6 minutes). Upon completion of the fumigation cycle (before aeration using the building's HVAC system), indicators were retrieved and opened, and the discs were transferred into Spordex culture medium (STERIS, Mentor, OH) and incubated at 56ºC. A negative (no disc) and positive (unexposed disc) control were also included. Cultures were observed for bacterial growth for up to 7 days. Figure 1 The IndicatorSafe, made from polycarbonate, is equipped with camlock couplings, allowing it to be placed between the filter housing and the hose leading back to the VHP distribution system and a lid for easy placement of indicators inside it. It is large enough to carry chemical and biological indicators as well as data loggers monitoring temperature and relative humidity.
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Figure 2
Side-view of a HEPA filter housing. Airflow is from left to right (see arrow). Indicator positions (chemical as well as biological) are depicted. Indicator positions 8 -13 are level with positions 2 -7, but in the back of the housing, away from the onlooker. Indicators 14 -25 would be around the secondary filter as shown for the primary filter, indicator 26 at the outlet of the housing (opposite #1), while indicators 27 and 28 were placed inside the IndicatorSafe in the bottom and on the lid.
Results and Discussion
A successful fumigation was defined as having killed all relevant BIs (log 6 reduction) and seeing no condensation either in the supply lines or inside the filter housing. To validate the process, these results had to be obtained during three consecutive runs. In addition, several other parameters were monitored during the fumigation runs. As described in Kümin et al. (2015) , condensation in the supply lines could be prevented when surface temperatures of >40ºC at the end of the conditioning phase were reached. This was achieved in all runs with temperatures of 45ºC or higher (data not shown).
Overall, four data loggers monitoring temperature and relative humidity were placed inside the filter housing and the IndicatorSafe. Marked differences in the curves for RH (Figure 3 ) can be observed, depending on where the loggers were placed. The first logger placed before the HEPA filters shows a marked increase in RH immediately following the start of H 2 O 2 injection (conditioning phase). These values decrease during the decontamination phase, which can be explained by the reduced injection rate but also in part by the temperature increase over time. RH measured after the HEPA filters increases later. Obviously, VHP is retained by the filter and thus arrives much later at the loggers placed between the filters and after the second filter. The second and third loggers also nicely show when the filters were released from their working positions to allow for complete decontamination of the filter housing as well as spaces not reached when filters are in place (short peak approximately half-way through the decontamination phase). Finally, RH inside the IndicatorSafe reaches saturation shortly after the start of the decontamination phase. The authors believe that two factors may help to explain this difference: (1) The velocity at which air passes over the logger. The last logger inside the filter housing is placed at a location that shows a much wider circumference than the one inside the IndicatorSafe. (2) The IndicatorSafe may lend itself to accumulation of humidity due to the box presenting itself as an opening in the return hoses. Regardless, at no time during the process could visible condensation inside the IndicatorSafe be observed despite a measured RH of 100%. Furthermore, having established reference curves during the validation process, these could be compared among different runs and it was thus possible to foretell whether a run would be successful or not.
The peak VHP concentration measured after the second HEPA filter was approximately 1,850 ppm ( Figure 4 ) and was reached just prior to releasing the filters from their working position during the decontamination phase. This was sufficient to kill spores of G. stearothermophilus at all 28 locations where BIs were placed (data not shown). This was not surprising because a VHP concentration of less than 100 ppm was shown to kill spores of G. stearothermophilus (National Homeland Security Research Center, 2005) . The process was thus validated in at least three consecutive runs for each type of filter housing (data not shown). With the parameters used for validation, it could be shown that if the BIs inside the IndicatorSafe show no growth, the filter housing is successfully decontaminated using VHP.
Conclusions
Once a high-containment laboratory is in operation, risk assessment usually dictates that a HEPA filter housing should no longer be opened prior to fumigation. Thus, confirming that the fumigation process was successful is difficult as no biological indicators can be placed inside the filter housing. In this article, the authors present a simple and cheap solution: the IndicatorSafe which is placed in the return line of the fumigation loop. The authors were able to show that fumigation was successful under the parameters used for validation when no growth was observed with the indicators placed inside the IndicatorSafe. This has since been confirmed in dozens of fumigations. Furthermore, the authors believe that the IndicatorSafe can be used not just for VHP fumigation, but for any other fumigation process on the market. Thus, the IndicatorSafe offers a simple and cheap alternative to costly adaptations to the filter housing and improves safety compared to not using any indicators during fumigation.
Figure 3
Relative humidity (RH) and temperatures were logged during the fumigation cycle. Logger 1 was placed at the air inlet of the filter housing, logger 2 between the two HEPA filters, logger 3 after the second HEPA filter at the air outlet of the filter housing, and logger 4 inside the IndicatorSafe. RH depicted for logger 1 follows closely the fumigation cycle with an initial decrease during the dehumidification phase, a steep increase during the conditioning phase with the injection of VHP, a holding phase during the decontamination phase, and a decrease during aeration.
RH at the other locations (loggers 2 -4) lags behind due to the presence of the HEPA filters. Release of the HEPA filters during the decontamination phase can be seen by the small peak in the curves for loggers 2 and 3.
Figure 4
VHP concentration recorded inside the filter housing after the second HEPA filter. VHP was first detected shortly after the start of the decontamination phase. Release of the filters from their working position is marked by a drop in the concentration about halfway through the decontamination phase.
